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ABSTRACT 



A low-pass filter configured as a switched capacitor circuit 
in which capacitor charge switching is performed by 2-phase 
clock signals that control respective sets of switching ele- 
ments, wherein an interval between a first-phase clock signal 
pulse and a succeeding second-phase clock signal pulse, 
during which no charging/discharging of capacitors should 
occur, is made as short as possible while ensuring that the 
two sets of switching elements cannot enter the ON state 
simultaneously. A low cut-off frequency can thereby be 
achieved, while using very small capacitor values. 

6 Claims, 7 Drawing Sheets 
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SWITCHED-CAPACITOR LOW-PASS FILTER nf,h„„ , r, ... 

AND SEMICONDUCTOR PRESSURF ™ »e switch corresponding to conducting/non-conducting 

SENSOR APPARATUS INCORPORATING T^w^ *' the drain and source elec " 

THE FILTER ,, „ ? , T 

Usually, the low-pass filter 3 is configured as a switched 
BACKGROUND OF THE INVENTION ' capacitor circuit that is formed in an integrated circuit. The 

capacitor sw.tehing fa performed by switches Sll, S12, S13, 

1 . Field of Technology T 4 ' iZ5 ' S26 whlch respective analog switches (where 
The present invention relates to a low-pass filler formed IT" 'T^ 8 ' S USed herein to "'B^ a switch- 

of a switched capacitor circuit, and to ' semiconductor 10 ^^^^ VTT^ ^ ^ 

pressure sensor apparatus which utilizes such a low-nass ™Zr? .Ifu c controIiea *>y control signals that are 

filter. " ' 0W paSS constituted by first and second clock signals <|>1, d,2 shown 

2. Description of Prior Art ,n , e tumng ^Sram of FIG. 8, and are generated by a clock 
Due to their advantages of being small in size and havini IhZ T? grating circuit 30. FIG. 8 illustrates the 

high performance, various types of semiconductors^ ,5 ^ ifrtT^^ C '° Ck S '^ als * 2 

sensor apparatus are utilized in applications such as for ^ r Ch ?i ,h ^ aS 3 of 150 kHz. Each of the 

pressure detection within the air uLe pipes or exLus T ^ M J' S12 ' S " is set in 1,16 ON (U. 

pipes of vehicle engines, or in non-vehicle appfica, o^aTuch 2£T? t ' ^ *" ^ C '° Ck "I* 031 * J is a « ,he 

as in gas meters, etc. Since a semiconduc,or P „^ FIG 8 Wh .fT 1 "* *!* ' D *« eXam P le of 

has excellent response characteristics, they are suitable fo 2 o ^'V 3 ? 11 ° f 1,16 Se ' ° f swi,ches S24 ' S2 5> S26 is 

use in denting rapid changes in pressure. Howeve r, Z £ "crive levet * *** ^ ^ SeCOnd Signal * 2 is al 

h.gh speed of response of a semiconductor pressure sensor , 

is a d,sadvantage in applications in which it is required °o * T 8 7'^ S "~ S " and S24 ~ S2 « a « 

detect average changes in pressure, with high-frequency 2^5 ^^"^ ^ by tw M*a* clock signals 

components ofthe pressure changes being excluded In such 25 1,.;! . "? Dg reIationshi PS shown in FIG. 8, the 

a case, in which it is required I to extrlct low!frequwcv ^ ulvale nt circuit of the operation becomes as shown in FIG. 

components of the pressure changes, it is necessary to use a vli'.f ' "r! circuit functioning as a low-pass filter. The 

low-pass filler to remove Ihe high-frequency components t^L ^ 'f^ 1 ' Md «■* cutoff frequency fc of 

from a detection signal that is obtained from a semiconduc- Z^'r? T^"' ** ° btained (^Snaling' *e fre- 
tor pressure sensor. ■""-onauc quency of each of ^ j^,^^ c]ock sjgna|s ^ fi 

FIG. 7 is a circuit diagram of an example of a prior art Sf ™?TT f P aci,ance ValUeS ° f the capacitors CI, C2 

type of semiconductor pressure sensor apparatus With this p, , 1' . . resistailce va J"e ofthe resistors Rl. 

apparalus, a detection signal thai is generated by a semi- ' M * ecl "" B W from ,he following equations: 

conduclor pressure sensor I is amplified by a differential rt ""» > ,„ 

amplifier 2, and the resultant output signal is transferred 35 

througha low-pass filter3, to thereby obtain anoutput signal r> "<* cJ > m 

voltage that contains only low-frequency components ofthe 

pressure changes that are detected by the semiconductor ' (2 *~ r% c3) (3) 

folFrr ' r P ™ 1 «n for example be <o M ^IXiSSSSW^^ 
formed of a diaphragm constituted by a plate of silicon approximately 100-400 Hz. If for example ^ 1 °ff 
having a region that ,s made relatively thin, with piezore- frequency is 100 Hz, then the valued C2T25 pf cUo 5 
sisfve elements G\~GA (i.e., elements which exhibit a fs=150 kHz, can be used. Such eapaci Jcfand f~c^ 

altered. The piezoresistive elements G1-G4 are connected in if Ihe values for the frequency fs TthT^ii!- i T 

med&tr^ ^^-fcS^a^s;^ 

p.ezores,stive elements Gl and G4 may be decreased. integrated circuil semiconductor 

co^CS ^'-ISiSra'JS^? 16 ' " h^V 5 ^ " W ° Uld 001 be P racticable «o subs^ntially 

Y oob.^ output s^-?5riS£ ^^^^^r^^ 

contains high-frequency ^^com^nLfsTifrl^ 1 ^ applDXlma,el y '- 5kH ^ » °^er to achieve a value of cut-off 
*^&?*S^JttS2£ 60 tSSAf""' 1 "-^-^PHorarttypeof 
vlv^ZZ&T^ Wh ° Se ft*" "e-een the ^vo-phase Cock sig- 



In Ihe following it will be assumed that switches which £~ v2r ! T 8 ° De ^ pen ° d> 10 ^ case of a P rior 311 
perfonn capacitor switching are implemented FCTsTfwi 6S ^^TT' w* freqUenCy ° f each of the 
effect transistors), each controlled by a coniol vol.age ffl eTd're , •^V 1 -' * 2 " ' 50 *"* wi " te consid - 

applied to a gate electrode, and wi,h\he ON/OFF ^ S HQS 5A™o SD'^IG^SA^t'^sn^ 13111 ° f "P' »' Md ,0 

^ ~ t0 5U - h]( lS - 5A to 5 D respectively illustrit^ | ft £ | 
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charge each of the capacitors C2 , C3 . The capacitor C2 

, b hMTS fi " ally / h !?? 1 t0 ?* ° U,pUt Signal voIta 8 e Vout SUMMARY OF THE INVENTION 
that is being produced from the operational amplifier OP1 at 25 

!w ^ T"" ° f Charging cutren, which " is 30 objective of the present invention to overcome the 

SSJTr r P t C "K r fl C3 ? ^ ,0 ^ am0Unt of P roblems of * e art set out above 711 

discharge current which flows from the capacitor CI, with low-pass filter that is configured as a switched TcTacftor 

iince tne voltage to which the capacitor C3 becomes 30 clock s gnals <bl, 62 is made substantial^ lnw« ,hZ hi 
charged ,s necessarily identical to the output voltage Vou, been the practL in the prior aA" ^0^0 Xvfa 
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0>] I during a second time interval (Phase 2), a condition in to the second ™. „r a , • , . 

which no charging or discharging of the capacitors occurs element and T SeC ° nd pa,r ° f P iezor «i«ive 

(c) during a third time interval (Phase 3) a common Tn stood ™ n2 a ft * ""T ' IOn P&M ,ha ' COnnec,s ,he 
which the second and third capacitors are conZec I n fi^i™ r ?k ^ P alrof Pi^resistive elements to the 
parallel between the output terminal UtaL^tZ 5 a^ <>f ^oresistive elements, 
terminal of the operational amplifier and ar™ claTd fi„, T ? eleC ' nC C<UTem mat is P assed between ">e 
from the first capacitor, while g£ SLStorlTto * d fr ^ 'V™ 

chafed tozero, with a con-espondmgXg?, £ voltaee betwtf^e ^W*? ^P 1 '^ a voltage difference 
across the third capacitor and a resultant change in ~ IT £ ODd and *"* connecti °n P°»*s, and 
voltage from me operational amplifieTand 8 P 10 L^Tn ^ ^j." 8 '° ^ preSent inve,1,ion 

(d) during a fourth time interval (Phase 4) a condition in dil™ ? " y ' a , n 5 m P l,fied out P ut P^duced from the 
which no charging or discharging of U^ cap^citora occurs SSKT PM " SUPP ' ied ,0 ' he '° W - pass fi,ter ' for 
. A basic feature of the pre^n, Mention T^Z provi^ ££ 8 Vana ' ,ODS " ^ t0 ^ 
ing such a low-pass filter, in which the switching control 

predetermined maximum operatine temoeralure Fir 7 ok™ A. i • , ? rcu "' 

In addition, the shortest possible Son for ,h* „ a V e ' eC ' nCal o{ ™ ^ple of 

time interval may be •atfKJ^E'J^K 35 ^"^^----^P^i^W^ 

occurs in the aforementioned second capacitor during the 

second time interval. Thus for example if the maximum 40 DESCRIPTION OF PREFFRRFD 
amount of error that is permissible in the DC gain of me IMWdShKs T 
low-pass filter is 3%, then the shortest possible duration for "uimun l i, 

when pressure is applied to the diaohraem Pir; i a • i e . 

dia^ ^FtS"**' Cemermounted on the , ^^t£Z&£^^^ 

havingafirstconnectionpointmatco^tsanone^me betwelnnl 7^,*?8»»> foxing timing relationships 
first pair of piezoresistive elementsTo n fin^nn. rT «*»-!*«! clock signals +1. «t>2 of this embodiment, 

sistive elements to a second one of the second pair of 65 Relet™* to FIGS 1A 1R ,h 

piezoresistive elements, a third connection noint that cnn ,Jr 7? g i / ' ,he semj «°nductor pressure 
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sihcon substrate 4a. The substrate 4a has a centra] region analog switches S24, S25, S26 S13 each of which is set in 

that is shaped to be thinner than the peripheral region of that the conducting state when the second clock signal <j>2 is at 

substrate, and that central region in conjunction with the the active level. 

N-type epitaxial layer 4b constitutes a thin diaphragm 5. With this embodiment, the operational amplifier OP1 is 

The piezoresistive elements G1-G4, each formed by 5 supplied with power from a single power supply voltage Vd, 
diffusion of P-type impurities, are disposed on a surface of For that reason, the non-inverting input terminal of the 

the diaphragm 5. When pressure is applied to the diaphragm operational amplifier OP1 is connected to the aforemen- 

5, the diaphragm 5 and the piezoresistive elements G1-G4 tioned mutual connection node NVref, which is held at the 

become distorted, the resistance of each of the piezoresistive reference voltage Vref. The value of Vref can be approxi- 

elements Gl, G2 becomes increased while the resistance of to mately half of the supply voltage Vd. However it would be 

each of the piezoresistive elements G3, G4 becomes equally possible to supply the operational amplifier OP1 

decreased. The piezoresistive elements Gl ~G4 are con- with power from a pair of positive and negative power 

nected in a bridge circuit as shown in FIG. 1, in which the supply voltages, in which case the reference voltage Vref 

piezoresistive elements G1-G4 are indicated as respective could be the ground potential. 

variable resistors. 15 This embodiment essentially differs from the prior art 

A current source 6 supplies a fixed value of current la that example of FIG. 7 described above with respect to the 

flows into the mutual connection point of the piezoresistive timing relationships between the first and second clock 

elements Gl, G3, with that current then flowing to ground signals <j>l, <f>2 that are generated by the clock pulse signal 

potential through the mutual connection point of the piezore- generating circuit 40. Specifically, with this embodiment, 

sistive elements G2, G4. When pressure is applied to the 20 toe time interval which elapses between a falling edge of a 

diaphragm 5, with such a circuit configuration, an amount of P u ^ se °f tne first clock signal <J>1 (i.e., a transition of that 

voltage increase (designated as Vpl in FIG. 1) will be clock signal from the active to the inactive level, whereby 

assumed to be produced at the mutual connection point of eacn a n^og switch that is controlled by that clock signal is 

the piezoresistive elements G2, G3, with an amount of changed from the conducting to the non-conducting state) 

voltage decrease (designated as Vp2 in FIG. 1) being 25 and me rising edge of the succeeding pulse of the second 

produced at the mutual connection point of the piezoresis- clock signal <t> 2 a transition of that clock signal from the 

tive elements Gl, G4. The voltage difference (Vpl-Vp2) inactive to the active level, whereby each analog switch that 

varies in substantially direct proportion to variations in the ]S controlled by that clock signal is set in the conducting 

pressure that is applied to the diaphragm 5. state) is made as short as possible, insofar as it can be 
The voltage difference (Vpl-Vp2) is amplified by the 30 ensured ^at analog switches controlled by the first clock 

differential amplifier 2, to obtain the output signal having the signal cannot enter the conducting state concurrently with 

voltage value Vo as shown in FIG. 1. anv analog switches controlled by the second clock signal 

Various configurations may be used for the differential * 2 ~ . c 

amplifier 2. With the specific circuit configuration shown in , °? nQg * C A ?? t,m ? inte ™'> ^ «n which the first 
FIG. 1, the differential amplifier 2 is formed of a pair of 35 clock i s 'f al ** u * the active Ievel md lhe second clock 

operational amplifiers OP2, OP3 and four resistors R3 R4 S ' 8 ? 1 * 2 15 at j, he ,naCtIVe Ieve1 ' the co ™ ection condition of 

R5, R6. The potentials Vpl, Vp2 which are developed by the !?f ! ow ;P ass 3 15 as shown in F] G- SA. The capacitor 

semiconductor pressure sensor 1 as described above are C1 ,s . chai 5 ed to lhe m P ut volta S e Vo while conversely the 

applied to the non-inverting input terminals of the opera- ca P ac,lor % ' s discharged to 0 V, and the charge in the 
tional amplifiers OP2, OP3 respectively. The resistors R3 40 ca Pf ltor C3 *** ™J chan ? e - 

R4, R5, R6 are connected in series between the output n^cn 8 ,! ! , 1 r?!?!' H*** 2 ' 35 Sh ° Wn m 

terminal of the operational amplifier OP2 and a mutual FIG U 53 al! ° f ^ SW,tches Sl1 ' S12 ' S13 ' S24 > S25 > S26 are 

connection node NVref that is held at a potential which is In non ' conductm g state so that the charge in each of the 

higher than ground potential by a reference voltage value fP acitors C \ C2 ■ C3 not change. Thus, during Phase 
Vref. The resistor R3 is connected between the output 45 2 ' ( assum ^g that ^ charge is lost due to leakage current) the 

terminal and the non-inverting input terminal of the opera- cha !P. s ° f ca P acit °^ Wl11 reraain unchanged from the 

tional amplifier OP2, while the resistor R5 is connected C0 ? d,tl0n at the end of Phase 1. 

between the output terminal and the non-inverting input , , nng * ird t ' me interva1 ' Phase 3 = since the first 

terminal of the operational amplifier OP3 clock Slgnal + 1 ,s at the inactive ,evel and ^e second clock 

thXut^ co rle ainparallel.T ll ecapaci^ 

voltage value from the d.fferential amphfier 2. Specifically, 55 terminals m at fre s *me potential, the capacitor CI 

slTvnh tL °t ^ T°Z ' R4 'i R5 ^ h T ^ becomes disch ^ and the^resultant discha^ cunent 

same value, the output voltage Vo is equal to 2(Vpl-Vp2). serV es to charge each of the capacitors C2 , C3 . ^discharge 

llie output voltage Vo from the differential amplifier 2 is current from the capacitor CI flows into the capacitor C2 as 

supplied to the low-pass filter 3, which is constituted by a a charging current, a charging current also flows from the 
switched capacitor circuit having the configuration 60 output terminal of the operational amplifier OP1, so that the 

described above referring to the prior art example of FIG. 7. capacitors C2 and c3 become charged to the same voltage. 

That is to say, the low-pass filter 3 is formed of an opera- Thus in the same way as described for the prior art 

tional amplifier OP1, first, second and third capacitors CI, example of FIG. 7, the output voltage Vo from the low-pass 

C2 , C3 , a set of first, second and third analog switches Sll, filter 3 changes by an amount that is equal to the amount of 
S12 S13 each of which is set in the conducting state when 65 change in the voltage to which the capacitor C3 is charged 

the first clock signal +1 of the two-phase clock signals <j>l, Finally in the fourth time interval, Phase 4, the condition 

+2 is at the active level, and a set of fourth, fifth and sixth becomes as shown in FIG. 5D, in which all of the analog 
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unchanged from that which Sd^ en d o Ph se f Xe'Vatft'^ Z** " y *" ra,e of 

.hcanAusbeundemoodthatwiAtnisembodimeo^e S? fSgfZfl fT™ ^ *■ "T 8 each 

circuit configuration of the low-pass filter 3 and the ooera s i ' * akage current ln ^ analo S 

tion of that circuit based on the two-phase cloTk s^aTbT STtS^ ""T Vdue for 1,131 error * *• 00 «» 

*2 is essentially identical to that of the prior artTxamol. taJS^Trt *** eXpreSSed aS a P ro P ortion ° f ,he 

described hereinabove. However with tUsTmbodlmL, £ S2S it, ° P° ^ ^ 3% ' If 106 dura,ion of the 

phase relationship between the two-phase clock 2 m 2f ,• "f ? " made SUch that *• P ro P°rtion of chaise 

*2 differs from that of the prior art StoS te ,o ( °f ca P ac,,or C1 > for ^P'*) *- occurs during 

timing diagram of FIG. 8, L, with Sase relarionThfos ™™ ^ J" 6 ™ 1 " T" '° ,he P rede «^ined maxi 

relationship between the two-phase clock sfg^s 6 *2 fo £f , T" ° f eiTOr in the 00 of the 

this embodiment being as shown in the tiXg diagram of ,0 *° Value < eg - «» 

FIG. 2. K ^ 1 el ™f 01 3 ™ ia satisfactory operation can be achieved 

Assuming that the required cut-off freouencv for ri,» ,c a "T^ of leaka S e of chat E« from the capacitor CI 

low-pass filter 3 is extremely C e.gT ^ then a ' ^ T T direC " y ° rC3n 

described above, » order to be ab.'e «f utilize cantors ^^^^^^ofleatagecu^tofd* 

which are of sufficiently small capacitance value to be WM, T,k i, .. 

formed on a semiconductor integrated circuit T becomes be^urS I J* I"™ 1 ™ °i *» Ph " Se 2 interVa1 ' " can 

necessary to lower the frequency of the basic clock start to ,n «f hpT •> 'k? 86 ° n ,he ca P aci,ore «. C2 during 

approximately 1.5 kHz 2 SS .Tta SS^LS*"' "'J 6 " ST*™*" 1 fr ° m *** 

case, witli the prior art type of switched canacitor In J * T f ^ P recedln g Pha se 1 interval, i.e., 

filter, the duration of thTphase f^TuuZw cu^nffn ^"7 ^ " by fl ° WS ° f ^ 

microseconds, which is substantially Ions TW * the analog switches that are connected to these 

amounts of charge held in mlcapadi 1 Sfo^Sdt ,5 S^TST?- 1 ? «* *• « «* -» 

strongly affected by leakage current flow which occurs h .the Z^f^ "'u ' he ^mentioned 

analog switches tha, are connected to these capacitors. As a Z fi £ L fiow SL^T*" * T * ^ ° f 

result, as described hereinabove, it would not be nossible to ™L,<Tr » ^frequency range and m the value of 

correctly obtain the required gain in the low-fr^uencv To ££f 7 ? T ' ^ be ° VerC ° me ' " ,hus becomes 

equation (3) above, for the low-pass filter 3 ? V '^V?* °f cut-off frequency, such as 1 Hz, by 

However the above embodiment of the present invention rl'^ f SW,tched r capa c ! lor We of circuit in which the 

53? ,h f e c, ° tn k signal ,iming o a S in - sma " va,ue ,0 be read,ly 

2 differs from the prior art example in that the duration of the Wi.h .L lme 8 ratea «rcuit. 

Phase 2 interval is made extremely short. Hence^ t.sfactorv 35 J^5? ^ bodlm f ".'^^o-phase clock signals + l, ^2 

operation can be achieved with a cut-off frequency as \ol °Z T ¥ clock P ulse ^Mn g circuit 40, 

1 Hz, when me frequency ofthe e^Zl"omG a T^ Urati0n t 35 ^ ta ,he 

*2 is lowered to 1 .5 kHz. It becomes possible to use <= ma l !f . * Wlth thjS Clrcu,, ' a basic clock s 'gMl 

capacitance values for the capacitor tw-pa S fi£ |~ v 8 ^T^ ""ST- the " >aSiC C ' 0Ck signal ^ 3 

including C3. P ' lre< l"ency of 6 kHz, which is inputted to a 2-bit binary 

Specifically, the duration ofthe Phase 2 interval should be " VX^t ^ ^ ^ 2 ° St3ge ° f *" biMry coun,er 
made as short as possible, within a range wherebv AW P ^ ° uT" Q1 3,1(1 ,0 one in P ut of a 2 - in P u « 
none of Iheanalog switches that are contro 1^ bv .he o ^-"f" Q3 ' ,he ° UtpUt from me inverter Q 1 being 
signal W will be 8 in the cond c^g sra e fe ON 22 SjSlT 7",' ° f AND g3,e ^ 

concurrently with any of the analog switches that are fon « , T * 6 2 f 3ge ° f the b,naI > coun,er 8 is supplied 
trolled by the clock signal 42 8 45 ,0 f * e ^ mpU ' ° f the ^ Q 2 ^ d »° the other input 

In particular, since the leakage current of switchine ele o«?ni *T Q ^ ^ ° U, P Ut P roduced f ™i the AND 
ments such as MOS fieW-effecl transist^ i« 8 wth tZf e ZT* h ' T ^ ^ " 3 ° f 15 

temperamre, the duration ofthe Phase 2 in.erva S be each pulse occunng when the binary counter 

made as short as possible while ensuring^ £ J1S 50 ^1 0^ «-ed as Ute clock 

controlled by theclock signal 41 and conduc.Ton inTe^a sTf n,, " ^ 8 ^ e ' 3ted When 4,16 bina, y counter 8 

the analog switches tha, are mS^J^SS ZZZ^T °i W"**- pU ' SeS " * w «« 

♦2) when the low-pass filter 3 is used atuplo pi 55 ^ .^T^ " ^ Clrcui, 9 that P^^es a delay of 

mined maximum value of operating tlmL^u W 10 ?*!*** 1 Ms. with the output from the delay circuit 9 

leakage currents of the analog switches L { ^P™' 6 ^ deterniining the delay amount 

Preferably, when high-speed MOS FETs are used ,c ih. m P rodnced . 1 ^ ^ dela y circuit ». the phase relationships 

analog switches, the duration of ^PhS e l ^af shouW lrZ*T°- plBSe f C S S r' S ^' * 2 3reas shown ' n 

be within me range of 0.6 to 2 microseconds jLSTf ^ °^ , & L 2, Wi ' h ^ eXtremel y short 

An alternative method of detenniningTsuhable minimum T < ff^^T^J ^ betWeen end of 3 P uIse of 

duration for the Phase 2 interva, Zs foCs ~T t S SS £ ^ ° f ^ ""^ PU ' Se ° f 

SSS^^i^?^ « JLT- ^"*T - 3 -e that wi, the 
DC gain of the ,ow,ass filter 3, with re^fo KK^JStSS^tT^ 
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switches, it becomes possible to implement a switched 
capacitor type of low-pass filter that can have an extremely 
low value of cut-off frequency, and which can be configured 
with capacitor values which are sufficiently small that the 
capacitors can readily be formed within a semiconductor 
integrated circuit. Such a low-pass filter can be used to 
detect extremely low-frequency components of voltage 
variations, when the voltage variations include high-fre- 
quency components superimposed on the low-frequency 
components. 

The invention thus enables a semiconductor pressure 
sensor apparatus to be realized which can detect extremely 
low-frequency components of pressure variations, and 
which utilizes a switched capacitor type of low-pass filter 
that is formed in an integrated circuit. 

Furthermore although the low-pass filter of the present 
invention has been described in the above only with appli- 
cation to a sensor signal produced from a pressure sensor, it 
will be understood that such a low-pass filter is equally 
applicable to various other applications in which it is nec- 
essary to achieve a very low valueof filter cut-off frequency 
for a low-pass filter whose components are formed entirely 
within a semiconductor integrated circuit. 

What is claimed is: 

1. A low-pass filter for detecting voltage variations of an 
input signal supplied to an input terminal thereof and 
producing and output signal indicative of said voltage varia- 
tions, said low-pass filter including a switched capacitor 
circuit having clock signal generating circuit for generating 
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mutually identical frequency and differing phase, first, sec 
ond and third capacitors, a first plurality of switching 
elements each controlled by said first clock pulse signal, and 
a second plurality of switching elements each controlled by 
said second clock signal, an operational amplifier for pro- 35 
ducing said output signal from an output terminal thereof a 
first capacitor selectively connectable between said low-pass 
filter input terminal and an input terminal of said operational 
amplifier via respective ones of said first and second plu- 
ralities of switching elements, a second capacitor selectively 40 
connectable between an input terminal of said operational 
amplifier and said output terminal of said operational ampli- 
fier via respective ones of said second plurality of switching 
elements, a third capacitor connected between said input 
terminal and output terminal of said operational amplifier, 45 
said low-pass filter configured to operate successively in: ' 
a first condition in which said first clock pulse signal is at 
an active level whereby each of said first plurality of 
switching elements is held in a conducting status and 
said second clock pulse signal is at an inactive level 50 
whereby each of said second plurality of switching 
elements is held in a non-conducting status, with said 
first capacitor being thereby charged to a voltage of said 
input signal, said second capacitor being discharged to 
a voltage of zero, and no charging or discharging of 55 
said third capacitor is performed, 
a second condition, in which each of said first clock pulse 
signal and second clock pulse signal is at said inactive 
level, whereby no charging or discharging of said first, 
second or third capacitors is performed, 
a third condition in which said first clock pulse signal is 
at said inactive level and said second clock pulse signal 
is at said active level, whereby each of said second 
plurality of switching elements is held in a conducting 
status and said second and third capacitors thereby 
become connected in parallel with one another, said 
first capacitor is discharged to a voltage of zero, 'and a 



discharge current from said first capacitor acts to charge 
said second and third capacitors, and 

a fourth condition in which each of said first clock pulse 
signal and second clock pulse signal is at said inactive 
level, whereby no charging or discharging of said first, 
second or third capacitors is performed, 

with said first condition being subsequently returned to- 

wherein 

said clock signal generating circuit comprises means for 
controlling said first and second pulse signals to set a 
duration of each interval of the second condition at a 
value whereby a decrease of stored charge in said first 
capacitor occurring within said interval, expressed as a 
percentage decrease with respect to an amount of said 
stored charge at commencement of said interval, is 
predetermined to be substantially equal to a maximum 
permissible amount of error of DC gain of said low- 
pass filter, with said error being no greater than 3 
percent of a predetermined value of said DC gain, said 
duration extending between a transition of said first 
clock pulse signal from said active level to said inactive 
level and an immediately succeeding transition of said 
second clock pulse signal from said inactive level to 
said active level. 
2. A low-pass filter as claimed in claim 1, wherein said 
switching elements are field effect transistors which exhibit 
leakage current flow, and wherein said duration of the 
second condition is made as short as possible within a range 
of values whereby none of said of first, second and third field 
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65 



^'Uiuj W11LUI- 

rently with any of said fourth, fifth and sixth field effect 
transistors while said low-pass filter is functioning at a 
predetermined maximum operating temperature thereof. 

3. A low-pass filter as claimed in claim 1, wherein said 
duration of the second condition is set as a value within a 
range extending from 0.6 microseconds to 2 microseconds. 

4. A semiconductor pressure sensor apparatus comprising: 
a semiconductor substrate having a region thereof formed 

to be thinner than surrounding regions to thereby 
constitute a diaphragm, 
a first pair of piezoresistive elements mounted on said 
diaphragm, each adapted to exhibit an increase in 
resistance when pressure is applied to said diaphragm, 
a second pair of piezoresistive elements mounted on said 
diaphragm, each adapted to exhibit a decrease in resis- 
tance when pressure is applied to said diaphragm, said 
piezoresistive elements being connected as an electrical 
bridge circuit, having a first connection point that 
connects a first one of said first pair of piezoresistive 
elements to a first one of said second pair of piezore- 
sistive elements, a second connection point that con- 
nects a second one of said first pair of piezoresistive 
elements to a second one of said second pair of piezore- 
sistive elements, a third connection point that connects 
said first one of said first pair of piezoresistive elements 
to said second one of said second pair of piezoresistive 
elements, and a fourth connection point that connects 
said second one of said first pair of piezoresistive 
elements to said first one of said second pair of piezore- 
sistive elements, 
a source of an electric current that is passed between said 

first and second connection points, and 
a differential amplifier for amplifying a voltage difference 

between said second and third connection points- 
wherein 

an amplified output signal voltage produced from said 
differential amplifier is supplied to a low-pass filter as 
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claimed in claim 1, for thereby detecting variations in 
pressure applied to said diaphragm. 
5. A low-pass filter for detecting voltage variations of an 
input signal applied between first and second input terminals 
thereof and producing an output signal indicative of said 5 
voltage variations, said low pass filter including a switched 
capacitor circuit having first and second input terminals 
coupled to receive said input signal, a clock signal gener- 
ating circuit for generating a first clock pulse signal and a 
second clock pulse signal of mutually identical frequency 10 
and differing phase, first, second and third capacitors, a set 
of first, second and third switching elements each controlled 
to be set in a conducting status when said first clock pulse 
signal is at an active level, a set of fourth, fifth and sixth 
switching elements each controlled to be set in said con- 15 
ducting status when said second clock pulse signal is at said 
active level, an operational amplifier which operates from a 
single power supply voltage and has an inverting input 
tenninal thereof connected in common to a reference voltage 
having a value that is one-half of said power supply voltage 20 
and to said second input tenninal of said switched capacitor 
circuit, said first switching element connected between said 
first input terminal of said switched capacitor circuit and a 
first mutual connection node, said fourth switching element 
connected between said first mutual connection node and a 25 
non-inverting input terminal of said operational amplifier, 
said first capacitor connected between said first mutual 
connection node and a second mutual connection node, said 
second switching element connected between said second 
mutual connection node and said non-inverting input tenni- 30 
nal of said operational amplifier, said fifth switching element 
connected between said second mutual connection node and 
said inverting input terminal of said operational amplifier, 
said second capacitor connected between said second mutual 
connection node and a third mutual connection node, said 35 
third capacitor connected between said inverting input ter- 
minal of said operational amplifier and an output terminal of 
said operational amplifier, said third switching element 
connected between said third mutual connection node and 
said non-inverting input terminal of said operational ampli- 40 
fier, said sixth switching element connected between said 
third mutual connection node and said output terminal of 
said operational amplifier, with said output signal of said 
low-pass filter being produced between said output terminal 
of said operational amplifier and said non-inverting input 45 
tenninal of said operational amplifier; wherein 

said clock signal generating circuit comprises means for 
generating said first clock signal and said second clock 
signal such that a duration of an interval which elapses 
between a transition of said first clock signal from said 50 
active level to an inactive level and an immediately 
succeeding transition of said second clock signal from 
said inactive level to said active level is set at a value 
whereby a decrease of stored charge in said first capaci- 
tor occurring within said interval, expressed as a per- 55 
centage decrease with respect to an amount of said 
stored charge at commencement of said interval, is 
predetermined to be substantially equal to a maximum 
permissible amount of enor of DC gain of said low- 
pass filter, with said error being not greater than 3 60 
percent of a predetermined value of said DC gain. 



,883 B2 

14 

6. A low-pass filter including a switched capacitor circuit, 
for detecting voltage variations of an input signal and 
producing an output signal indicative of said voltage varia- 
tions, comprising: 

first and second capacitors that are fixedly connected in 
series, 

an operational amplifier for producing said output signal 
from an output terminal thereof, having a third capaci- 
tor fixedly connected between said output terminal and 
a non-inverting input terminal of said operational 
amplifier, with said input signal being applied between 
an input terminal of said low-pass filter and said 
non-inverting input terminal, first and second plurali- 
ties of switching elements operable for establishing a 
plurality of respectively different connection conditions 
between said first, second and third capacitors and said 
input tenninal of the low-pass filter, said non-inverting 
input terminal and said inverting input terminal of said 
operational amplifier, and said output terminal of said 
operational amplifier, and 

switching control means for selectively setting all of said 
first plurality of switching elements in a conducting 
state and in a non-conducting state and for selectively 
setting all of said second plurality of switching ele- 
ments in a conducting state and in a non-conducting 
state, to establish said different connection conditions 
in a predetermined sequence, 

said switching control means periodically controlling said 
switching elements to sequentially establish 

during a first time interval, a condition in which said first 
capacitor is charged to a voltage of said input signal, 
while said second capacitor is discharged to zero and a 
charge of said third capacitor is left unchanged, 

during a second time interval, a condition in which no 
charging or discharging of said first, second or third 
capacitors occurs. 

during a third time interval, a condition in which said 
second and third capacitors are connected in parallel 
between said output terminal and inverting input ter- 
minal of said operational amplifier and are each 
charged from said first capacitor, causing a conespond- 
ing change in voltage across said third capacitor and a 
resultant change in output signal voltage from said 
operational amplifier, while said first capacitor is dis- 
charged to zero, and 

during a fourth time interval, a condition in which no 
charging or discharging of said first, second or third 
capacitors occurs; 

wherein said switching control means is configured to 
establish a duration for said second time interval at a 
value whereby a decrease of stored charge in said first 
capacitor occurring within said interval, is predeter- 
mined to be substantially equal to a maximum permis- 
sible amount of error of DC gain of said low-pass filter, 
with said enor being no greater than 3 percent of a 
predetermined value of said DC gain. 

***** 
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